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Abstract
We use the Slovak and Czech video meteor observations, as well as video
meteoroid orbits collected in the CAMS, SonotaCo, EDMOND and DMS
catalogues, for an analysis of the distribution of meteoroid orbits within
the stream of the Geminids and of the dispersion of their radiants. We
concentrate on the influence of the measurement errors on the precision of
the orbits obtained from the video networks that are based on various meteor-
detection software packages and various meteor orbital element softwares.
The Geminids radiant dispersion obtained from the large video cata-
logues reaches the dispersion of the radio observed Geminids, wherby the
diffused marginal regions are affected mostly by meteoroids with extreme
values (small or large) of the semi-major axes. Meteoroids of shorter semi-
major axes concentrate at the eastern side of the radiant area and those of
longer semi-major axes at the western part.
The observed orbital dispersions in the Geminid stream described by the
median absolute deviation range from 0.029 to 0.042 AU−1 for the video cat-
alogues. The distribution of the semi-major axes of video meteors in all the
databases, except for the Ondrˇejov (Czech) data, seem to be systematically
biased in comparison with the photographic and radio meteors. The deter-
mined velocities of the video data are underestimated, probably as a conse-
quence of the methods used for the positional and velocity measurements.
The largest shift is observed in the EDMOND and SonotaCo catalogues.
Except for the measurement errors which influence the analyses and their
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interpretations, we also point out the problem of the uncertainties of the nu-
merical integration procedures that influence the simulations’ results. Sev-
eral experimental integrations of the Geminids parent asteroid, which we
performed from the present to the past and then back to the year 2015,
showed that a complete reproduction, including also the mean anomaly, is
only possible for a time span of about 2700 years.
Keywords: meteors, meteoroid orbits, meteoroid streams, meteor showers,
video databases
1. Introduction
The recent rapid development of video techniques is reflected in the mas-
sive increase in detected meteors. This is of high significance for minor meteor
showers radiants determinations, derivations of meteoroid flux densities and
other purposes. However, the production of a large number of meteor or-
bits often comes at the expense of their quality. This is then reflected in
the meteor’s characteristics and influences further analyses, models of the
meteoroid streams and searches for the parent bodies. The biggest prob-
lem is the measurement and determination of velocity, as the value of the
semi-major axis is very sensitive to the value of the heliocentric velocity.
When studying the structure of meteoroid streams through shower meteors,
the fact that the original orbital dispersion can be smeared by larger ob-
servational and measurement errors has also to be considered. The initial
dispersion of meteoroids in a stream is influenced by a number of processes,
which appear during different stages of the stream evolution. An overview
of the underlying principles of meteor stream formation and evolution has
been given by Kresa´k (1992), Williams (2003), and others. The effect of
these processes on the structure of meteoroid streams naturally depends on
the type of stream (Williams & Ryabova, 2011). However, Kresa´k (1992),
analyzing widely dispersed annual meteor showers from the photographic
catalogues of the IAU MDC, showed that the measurement errors can be
two or three orders of magnitude larger than the dispersion produced by
planetary perturbations integrated over several revolutions. The most sig-
nificant source of uncertainty in semi-major axis determination is inaccuracy
in the heliocentric velocity vH. Errors in vH of 1 km/s correspond to about
0.08 to 0.09AU−1 in 1/a. For short-period meteoroid streams, differences in
velocity are less representative and the dispersion in the semi-major axes is
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smaller. Thus, discovering errors is more difficult because they do not pro-
duce a spurious hyperbolicity as clear evidence of their presence, as is the
case with long-period streams (Hajdukova´, 2011, 2013).
The Geminids is one of the largest showers in the meteor databases, which
was observed using different techniques and studied by a large number of re-
searchers over a large time scale. A comprehensive review of observational
and theoretical studies of the Geminid stream was published by Neslusˇan
(2015). The Geminid meteor shower, observed by video technique, was
reported by Ueda & Fujiwara (1993); de Lignie et al. (1993); Elliott et al.
(1993); Andreic & Segon (2008); Jenniskens et al. (2010, 2011, 2016a); Trigo-Rodriguez et al.
(2010); To´th et al. (2011, 2012); Rudawska et al. (2013); Madiedo et al. (2013);
Molau et al. (2015, 2016), and others.
In this study, we concentrate on the influence of both the accuracy of
various measurements and the precision of orbit determination on the distri-
bution of meteor orbits within the stream of Geminids and on the dispersion
of their radiant points. The dispersions are studied, comparing several cat-
alogues (introduced in section 2), which enables the specific features of the
Geminids, as well as the diversities of the catalogues, to be shown. In section
3, we describe the dispersion of the Geminids’ radiant points, and in section
4, the dispersion of their orbits. We also discuss the dynamics of the Geminid
stream in terms of the uncertainties of the numerical integration procedures,
which reflect the reliability of the results obtained (section 5).
2. Video orbits and their precision
The necessity of high quality orbits of video meteors and precision in
their velocity measurements has been discussed by Atreya et al. (2012) and
Egal et al. (2014), who, to make improvements, introduced the CABERNET
(Camera for Better Resolution Network) system. The importance of an error
analysis was reported by Drolshagen et al. (2014) and Albin et al. (2015) in
their analysis of the meteor velocity distribution from the CILBO (Canary
Island Long-Baseline Observatory) double station video camera data. The
accuracy of video meteor orbits was discussed by Skocic et al. (2016), who
analysed several major showers obtained by several video networks including
the Croatian Meteor Network.
In this study, we analyze Geminids from six different video catalogues.
The individual samples of the Geminids were obtained using the Welch pro-
cedure (Welch (2001), described in more detail in section 5). All of them fulfill
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the Southworth-Hawkins D-criterion for orbital similarity (Southworth & Hawkins,
1963), with the condition DSH < 0.2. The data used are summarized in Table
1. The observed orbital and radiant dispersions of video Geminids, including
the measurement errors, obtained separately for each catalogue, are com-
pared with those obtained from the photographic and radio Geminids selected
from the IAU Meteor Data Center (Lindblad et al., 2003; Neslusˇan et al.,
2014; Lindblad, 2003).
We used data from our own video observations, carried out in the Slovak
and Czech Republics, that are collected in the Slovak Video Meteor Net-
work’s database (To´th et al., 2015) and in the Czech Catalogue of Video
Meteor Orbits (Koten et al., 2003). We also selected orbits of the Geminids
from several video catalogues that were available: the Cameras for Allsky
Meteor Surveillance (CAMS) Meteoroid Orbit Database (Jenniskens et al.,
2011), Dutch Meteor Society Video Database (de Lignie, 1996), the Sono-
taCo Shower Catalogue (SonotaCo, 2009), and the European Video Meteor
Network Database - EDMOND (Kornosˇ et al., 2014). The data used are
based on various meteor-detection software packages and various meteor or-
bital element softwares. In this section, therefore, we introduce briefly all
the databases of the video networks used, their instrumentation and data
reduction.
2.1. Slovak Video Meteor Network’s (SVMN) Database
The Slovak Video Meteor Network, governed by Comenius University in
Bratislava, consists of four video stations situated in various locations in
Slovakia, which monitor meteor activity above Central Europe. The SVMN
uses the semi-automatic all sky video cameras (All-sky Meteor Orbit System,
AMOS), which record meteors of +4 magnitude and brighter (To´th et al.,
2015). For meteor detection and astrometric data reduction, UFOCapture
software and UFOAnalyzer (SonotaCo, 2009) are used. For meteor orbit com-
putation, the new Meteor Trajectory software, based on the Ceplecha (1987)
paper, was developed (Kornosˇ et al., 2015). The program computes orbital
and geophysical parameters, together with their uncertainties, based on the
Monte Carlo simulation. The velocity determination, giving uncertainties
about 0.1 km/s, is still being worked on. So far, the achieved precision is
< 3 deg in radiant position and < 10% in velocity. Data from SVMN are
continuously published (To´th et al., 2015) and contribute to the EDMOND
database (see section 2.5). However, the Slovak data from the SVMN obser-
vations are also analysed differently. For the EDMOND, velocity and radiant
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are calculated as average values from the stations (according to the Sono-
taco), while in the SVMN, trajectory and velocity are calculated by our own
software (Kornosˇ et al., 2015) based on Ceplecha (1987) and by fitting the
observed meteor velocity.
2.2. Czech Catalogue of Video Meteor Orbits (Ondrˇejov data)
The Czech database of the video meteors (Koten et al., 2003) contains
data obtained within the double station observational campaigns carried out
in the Czech Republic. These campaigns were dedicated to several selected
meteor showers. The video cameras, connected with image intensifiers, were
aimed at one particular meteor shower during each campaign, so the ge-
ometry of observation was optimized for this shower. The limiting magni-
tude is +6. The observed data are recorded in time resolution 0.04 second.
Records are searched using automatic detection software MetRec (Molau,
1999). Found meteor images are digitalized with a PC frame grabber, trans-
formed into 768 x 576 pixel, 8-bit monochrome images, and stored as se-
quences in a non-compressed AVI format. All the recorded meteors are care-
fully reviewed and only records of good quality are taken into account. Raw
data are measured manually and atmospheric trajectories and heliocentric
orbits calculated. No automatic reduction or calculation software is applied.
Only well proven methods are used for image measurement (Koten, 2002),
and trajectory and orbit calculations (Borovicˇka, 1990). The errors of the
measurement are propagated through the calculation to the errors of the pa-
rameters. The achieved precision is usually a few tenths of a degree in the
radiant position and up to 0.5 km/s in the velocity. The database contains
only reliable data, at the expense of the total number of trajectories and
orbits, which is rather small.
2.3. Dutch Meteor Society Video (DMS) Database
The double-station video observations in the Netherlands are among the
first video observations of meteors, which started about 30 years ago. Their
cameras recorded meteors with the limiting magnitude +7, in a 25 degrees
field of view (de Lignie, 1996, 1999). The data reduction was done with
the AstroRecord measuring program and with the Ceplecha (1987) software
for calculating trajectories and orbital elements (de Lignie & Betlem, 1999).
The double-station meteors are measured with an astrometric accuracy of
45 arc seconds. The results from video observation campaigns by the Dutch
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Meteor Society have been published on a regular basis and are available at
their website: http://dmsweb.home.xs4all.nl/video/video.html.
2.4. Cameras for Allsky Meteor Surveillance (CAMS) Database
The Cameras for Allsky Meteor Surveillance system operates 60 identical
narrow-angle field-of-view cameras at three locations in California (Jenniskens et al.,
2011), detecting mostly +4 to −2 magnitude meteors. The data are auto-
matically processed using the detection algorithms and modules from the
MeteorScan software package (Gural, 1995, 1997) and a newly developed soft-
ware for calibration and multistation coincidence processing which produces
atmospheric trajectories and orbital elements (Jenniskens et al., 2016a,b).
The achieved precision is < 2 deg in radiant direction and < 10% in velocity
(mean values are 0.24 deg and 2%, respectively). The project was designed to
validate the unconfirmed showers in the IAU working list of meteor showers.
The meteors assigned to the various showers are identified in the CAMS Me-
teoroid Orbit Database 2.0 (which can be accessed at http://cams.seti.org.)
and are submitted to the IAU Meteor Data Center.
2.5. European Video Meteor Network Database (EDMOND)
The multi-national network EDMOND (Kornosˇ et al., 2014) was created
thanks to the broad international cooperation of video meteor observers from
several European countries. The national networks involved are: BOAM
(Base des Observateurs Amateurs de Metores, France); BosNet (Bosnia);
CEMeNt (Central European Meteor Network, cross-border network of Czech
and Slovak amateur observers); CMN (Croatian Meteor Network or Hrvatska
Meteorska Mreza, Croatia); FMA (Fachgruppe Meteorastronomie, Switzer-
land); HMN (Hungarian Meteor Network or Magyar Hullcsillagok Egyesulet,
Hungary); MeteorsUA (Ukraine); IMTN (Italian amateur observers in Italian
Meteor and TLE Network, Italy); NEMETODE (Network for Meteor Trian-
gulation and Orbit Determination, United Kingdom); PFN (Polish Fireball
Network or Pracownia Komet i Meteorw, PkiM, Poland); Stjerneskud (Dan-
ish all-sky fireball cameras network, Denmark); SVMN (Slovak Video Me-
teor Network, Slovakia); UKMON (UK Meteor Observation Network, United
Kingdom), BRAMON (BRAzilian MeteOr Network), and the International
Meteor Organization Video Meteor Network (IMO VMN). Meteors (regis-
tered with the limiting magnitude +4) are obtained and reduced using two
different tools, the MetRec (Molau, 1999) and UFO softwares (SonotaCo,
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2009). The computation of meteor orbits is performed by using the UFOOr-
bit software; therefore, data obtained by the MetRec software are converted
into the UFO format using the SonotaCo program INF2MCSV. Multiple
filters and selective criteria involving the quality parameters (as defined in
the SonotaCo format) are applied (Kornosˇ et al., 2013) to eliminate meteors
with the largest errors in their velocity determination. For our analysis, we
applied additional criteria to separate orbits of the highest quality from the
EDMOND data. These included: the meteor trail had to be longer than 1
degree, the duration of the trail had to be over 0.3 s, and the entire meteor
trail had to be inside the field of view of at least two video meteor stations.
2.6. SonotaCo Meteor Shower Catalogue
Video observations have been carried on for more than a decade by the
SonotaCo consortium (SonotaCo, 2009), using more than 100 wide-angle
video cameras at 25 stations in Japan. The network registers meteors mostly
up to +2 magnitude. Data are reduced using the UFO software package de-
veloped by SonotaCo (2009), which makes the catalogue homogenous in spite
of the large number of individual observers. On account of their larger fields
of view, the precision of the radiant positions measured is approximately a
factor of two less precise than the CAMS network (Rudawska & Jenniskens,
2014), which corresponds to an average spread in radiant of about 5 deg.
A detailed analysis of the SonotaCo meteor orbits concerning the qualita-
tive aspects was made in the paper by Veresˇ & To´th (2010). The SonotaCo
network simultaneously-observed meteor data sets are freely accessible at
http://sonotaco.jp/doc/SNM/. For our analysis, in the case of the SonotaCo
data, we applied additional selective criteria, as we did with the EDMOND
database (Hajdukova´ et al., 2014), and used the obtained subset of higher
quality orbits.
Except for the above mentioned video networks, there are some others we
would like to mention to complete this overview. Another automated system
to observe video meteors is the Canadian Automated Meteor Observatory
(CAMO). Their wide-field camera system, appropriate for measurements of
meteoroid fluxes, has average radiant errors of 0.3 deg and speed uncertain-
ties of 3% (Weryk et al., 2013; Musci et al., 2012).
The Spanish Meteor Network (SPMN) (Trigo-Rodriguez et al., 2007, 2008;
Madiedo et al., 2008), which uses high-sensitivity CCD video devices and
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Table 1: The Geminids analysed in this work. All the orbits from the video catalogues used
were selected under the condition DSH < 0.2 of the Southworth-Hawkins D-criterion for
orbital similarity.
Database No of Geminids
The Slovak Video Meteor Network (SVMN) 143
The Czech Catalogue of Video Meteor Orbits (ONDRˇEJOV) 74
The Cameras for Allsky Meteor Surveillance (CAMS) 4827
The SonotaCo Shower Catalogue (SONOTACO) 8264
The European Video Meteor Network Database (EDMOND) 2401
The Dutch Meteor Society Video Database (DMS) 104
CCD all-sky cameras, provides high accuracy orbits of meteors, especially
fireballs.
3. Geminid shower. Radiant and speed
Measurement errors are, in general, smaller for long-lasting meteors. Their
distributions for Geminid meteors obtained by Slovak and Czech video ob-
servations, and compared with CAMS data, are shown in figure 1. The plot
is based on figure 10 from Jenniskens et al. (2011), who compared their mean
measurement errors to those reported for several other surveys, using various
observational techniques. The apparent radiants in the CAMS data are mea-
sured with a median uncertainty of ±0.31 deg having a standard deviation of
0.42 deg. Their uncertainty in apparent entry velocity is ±0.53 km/s, with a
standard deviation of 0.91 km/s (Jenniskens et al., 2011). For CAMS Gemi-
nids, the median error in the entry velocity has a value of ±0.35 km/s, and in
the declination ±0.21 deg. The median uncertainties of Ondrˇejov Geminids
are ±0.21 km/s in entry speed and ±0.155 deg in declination. As it is seen
from figure 1, no Geminids with an error larger than 0.09 deg in declination
and 2% in speed are in the Czech video catalogue, in comparison with the
values of 2 deg and 10% for CAMS data.
The error in declination for the Geminids observed by the Slovak Video
Meteor Network reaches up to 2.9 deg, and the velocity error is kept under
10%. AMOS cameras have a large field of view and high sensitivity at the
same time, which leads to the detection of faint and short meteors on one side,
and bright and long meteors, up to fireballs, on the other side. As a result,
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Figure 1: Error in apparent entry velocity and in declination of the Geminids from Czech
and Slovak video meteor data compared with those from CAMS. The vertical and hori-
zontal lines represent the limits for errors in speed and declination for Czech (red dotted
lines), Slovak (green dash-dotted lines) and CAMS (black dashed lines) data.
both meteors of lower precision (due to the limitation of a small number
of observed points on the atmospheric trajectory) and meteors of higher
precision (with sufficient data points for the velocity fit and precise trajectory
determination) are obtained. This is why two groups partly overlapping each
other on the uncertainty velocity distribution graph (figure 1) appear; the
first group with a good velocity fit with small uncertainty (under 2% in the
velocity error) and the second group with velocity determined solely by the
arithmetic mean from the first third of the atmospheric trajectory (with the
velocity error above 2%).
3.1. The mean radiant and its motion
The influence of measurement errors can also be seen from the distri-
butions of the radiant points. Kresa´k & Porubcˇan (1970), analysing several
photographically observed major meteor showers showed that the radiant dis-
persion undoubtedly increases with the velocity dispersion, and vice versa.
For most of the showers analysed, the positional errors were negligible in
comparison with the actual deviations from the mean value. However, the
authors concluded that errors in the radiant positions may play some role
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Figure 2: (a) The positions of the geocentric radiants of the Geminids obtained from
various video data and, for the sake of comparison, (b) from the radio and photographic
catalogues of the IAU MDC. (c) Radiant points corrected for the radiant motion for Slovak,
Czech and CAMS Geminids.
in the relatively small radiant area of the Geminid shower. The deviations
of shower meteors with respect to their position and velocity were analysed
also by Molau (2008), who demonstrated that, for short-lasting meteors, even
small measurement errors can result in large errors of their direction.
The compactness of the Geminid stream is reflected in the relatively small
radiant area of the shower (Kresa´k & Porubcˇan, 1970; Porubcˇan et al., 2004).
The distributions of the geocentric radiants of the Geminids from various data
sets are shown in figure 2a. The figure shows a good agreement in the radiants
among all the data, whereby large data sets show larger dispersions, reaching
the dispersion of the radio observed Geminids (fig. 2b). Radiant points of
the SVMN and the Ondrˇejov Geminids show the highest concentrations.
However, one would expect a wider spread in the SVMN data, taking into
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Table 2: The radiant ephemeris for the video Geminids determined from Slovak, Czech
and CAMS databases
Database right ascension (2000.0) declination (2000.0)
SVMN 113.2 + 0.91(LS − 261.8) 32.3− 0.02(LS − 261.8)
ONDRˇEJOV 113.3 + 1.11(LS − 262.1) 32.3− 0.11(LS − 262.1)
CAMS 112.5 + 1.02(LS − 261.1) 32.4− 0.14(LS − 261.1)
account their given uncertainties (seen in the figure 1). This suggests that
the formal uncertainties in the SVMN data could be overestimated.
Figure 2c shows the radiant positions corrected for the radiant motion
for Slovak, Czech and CAMS Geminids. The daily motion in right ascension
and declination was found by the least-squares solution. The corresponding
determined equatorial coordinates of the mean geocentric radiants are listed
in Table 2. The LS is the solar longitude of the time of observation for
equinox 2000.0. The solar longitude used for the radiant corrections was the
mean value determined from each catalogue separately. The vast majority of
SVMN Geminids are within a very small interval of solar longitude; therefore,
the daily motion of the radiant declination was not possible to determine
confidently for this data.
The radiant area of Geminids (figure 2c) is approximately 15 x 10 deg
obtained from the large CAMS catalogue and about 10 x 5 deg obtained
from the Ondrˇejov data. The found spread includes the dispersion caused by
measurement errors. The calculated median uncertainties of Czech/Ondrˇeˇjov
(Slovak/SVMN) Geminids are 0.23 deg (0.55 deg) in right ascension and 0.16
deg (0.42 deg) in declination. The corresponding values for CAMS data are
0.44 deg and 0.69 deg. Kresa´k & Porubcˇan (1970) found the median real
dispersion of the photographic Geminids to be 0.49 deg, which suggests how
strong is the influence of measurement errors in the video data.
3.2. Radiant dispersion as a function of semi-major axis
To analyse the radiant area in connection with the distribution of mete-
oroids with different semi-major axes, we divided the data into three samples.
The number of meteors in each sample was kept near 1/3 of the total num-
ber. The results for four catalogues are shown in Figure 3 a, b, c, d. The
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plots demonstrate that the diffused marginal regions of the Geminid radiant
are affected mostly by meteoroids with extreme values (small or large) of the
semi-major axes. The radiant points of the meteoroids with semi-major axes
from the middle interval (which mostly define the stream) are more concen-
trated and create a central area of about 5 x 5 deg obtained from the larger
catalogues.
In all four data sets, meteoroids of shorter semi-major axes occupy the
eastern side of the radiant area, whereas those of longer semi-major axes
concentrate at the western part. A similar displacement of radiant points,
depending on the semi-major axes, due to a vectorial composition of veloci-
ties, was found by Kresa´k & Porubcˇan (1970). Furthermore, the dispersion
in the right ascension seems to be slightly greater for lower values of a, that
in the declination, for higher values of a (seen especially in the Ondrˇejov
data).
3.3. Velocity distribution - a shift in the video data
Normalized distributions of the reciprocal semi-major axes and geocentric
velocities of the video Geminids from all of the catalogues used, and their
comparison with the photographic and radio Geminids from the IAU MDC
are shown in Figure 4 a and b. The distribution of both the semi-major
axes of meteor orbits and the geocentric velocities in all the video data sets
except the Ondrˇejov data seem to be systematically biased in comparison
with the photographic and radar meteors. The observed distributions in 1/a
are shifted towards higher values of 1/a. The determined velocities seem to
be underestimated, probably as a consequence of the methods used for the
measurement of the meteor positions and velocities (due to measuring of the
center of the meteor image, and absent or insufficient correlations for atmo-
spheric deceleration). The largest shift is observed in the EDMOND and
SonotaCo data, both determining the speed value as an arithmetic mean. In
the SVMN database, it is possible to determine their entry velocity with a
higher precision, though only for the meteor data which allow us to deter-
mine the deceleration using the exponential fit. The velocities in the Czech
data are computed from the manual measurements of the individual meteor
points. For each frame the meteor position is measured not as the position
of the head edge of the meteor but the effect of blooming is taken into ac-
count. Therefore, the position is measured ”inside” the meteor image. The
distance from the edge is the same as the half-width of the meteor image.
The measurement of the image edge can lead to overvaluing of the velocity,
12
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Figure 3: Radiant dispersion as a function of semi-major axis for video Geminids from
CAMS (a), EDMOND (b), SonotaCo (c), and Ondrˇejov (d) data.
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Figure 4: Normalised distributions of the reciprocal semi-major axes and geocentric ve-
locities of the video Geminids from the different catalogues used, and their comparison
with the photographic and radio Geminids from the IAU MDC. The observed shift in
semi-major axes medians (and in the median values of the geocentric velocity) from the
video data is visible in almost all the catalogues except for the Ondrˇejov data.
whereas the measurement of the image center causes undervaluing.
To demonstrate the shift in the video data more clearly, we plotted mag-
nitudes of Geminid meteors as a function of their geocentric velocity (figure
5). Each video data set (black squares) is separately compared with the
photographic Geminids from the IAU MDC (grey triangles). The shift is
demonstrated by the gap between the vertical lines, showing the mean and
median values of the geocentric velocities from the video and photographic
catalogues. The smallest gaps are seen in the data sets from Ondrˇejov and
CAMS, both registering fainter meteors - of about 2 magnitudes more than
SonotaCo or EDMOND observations, the limiting magnitude of which is
comparable with the photographic data set. This fact shows that the shift is
not caused by the different masses of the data sets, but owing to the errors.
This is also supported by the comparison with the radar observations regis-
tering even fainter meteors, distribution of which does not show any shift in
the semi-major axes in comparison with the photographic data (see also fig.
4 and/or Table 3).
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Figure 5: Magnitude as a function of geocentric velocity of the Geminids from different
video data sets (black squares), compared with the photographic Geminids from the IAU
MDC (grey triangles). The vertical lines represent the mean (dotted line) and median
(solid line) values of the velocity determined from the video (black) and photographic
(grey) data.
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Table 3: The Geminids mean orbits determined from various video data and compared
with those of the photographic and radio Geminids. For video data, the mean values of
the orbital elements and geocentrical parameters were determined by weighted arithmetic
mean, using the Welch method.
Catalogue vG a [AU] e q [deg] i [deg] ω [deg] Ω [deg]
ONDRˇEJOV 34.06±1.25 1.35 0.15±.01 0.89±0.02 22.98±2.31 323.7±1.7 262.1±0.4
SVMN 33.55±1.37 1.29 0.15±.01 0.89±0.02 22.42±1.92 324.1±1.7 261.9±1.3
CAMS 34.23±1.45 1.34 0.14±0.01 0.89±0.02 23.34±2.10 324.4±1.5 261.2±1.7
SONOTACO 33.81±0.01 1.30 0.15±0.01 0.89±0.01 22.85±1.71 324.2±1.3 261.5±1.6
EDMOND 33.49±1.21 1.28 0.15±0.01 0.88±0.02 22.49±2.01 324.3±1.5 261.2±1.6
DMS 33.80±0.88 1.31 0.14±0.01 0.89±0.01 22.35±2.09 324.1±1.0 262.3±0.1
PHOTOIAU 34.32 1.36 0.14 0.89 23.70 324.4 261.8
RADIOIAU 34.33 1.40 0.14 0.89 23.56 324.7 259.7
4. Geminid stream. Orbits
4.1. Mean orbital parameters
To compare all the various data, we selected, from all the data sets,
the Geminids that fulfilled the Southworth-Hawkins D-criterion for orbital
dissimilarity (Southworth & Hawkins, 1963) with the condition DSH < 0.2
(Table 1). We searched for the core of the shower by comparing the den-
sity values of the groups of meteors created by the Welch procedure (Welch,
2001) around each orbit. The higher the density value, the more important
the group in the shower is. Consequently, we determined the mean orbital ele-
ments and geocentric parameters of the densest group by weighted arithmetic
mean, using the Welch method. The weight of the meteor was determined
by (1− D2i /D
2
c) (Welch, 2001). The resulted weighted mean parameters and
their standard deviations for each examined catalogue are listed in the the
Table 3. For a comparison, we listed also mean (not weighted) parameters
obtained from the radio and photographic catalogues of the IAU MDC.
4.2. Orbital dispersion
The orbits of the Geminids with aphelia far inside the orbit of Jupiter in-
dicate that the stream structure is dominated by their initial spread and the
non-gravitational effects (Williams & Ryabova, 2011). However, the gravita-
tional forces of Jupiter and inner planets also influence the stream structure
(Ryabova, 2014), while the other outer planets influence is negligible. The
differences in the velocities are less representative, and the dispersion in the
semi-major axes smaller in comparison with long-period streams.
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Figure 6: Observed orbital dispersion for Geminids described by absolute median deviation
in terms of 1/a: Thin line - interval between two limiting values of (1/a)1/2, which includes
50 percent of all orbits. Bold line - interval between two limiting values of the uncertainty
(1/a)L of the resulting values of median (1/a)M. Dashed vertical lines - parent body. Good
agreement in the medians of 1/a is seen in the IAU MDC photographic, radio, and in the
Ondrˇejov video data. In all other video databases, it is shifted towards higher values.
In analyzing the error function, we proceeded according to the analy-
sis of the accuracy of the semi-major axes of meteoroid orbits made by
Kresa´kova´ (1974). To describe the dispersion of the semi-major axis within
the meteor stream, we used the median absolute deviation ∆M in terms of
1/a (∆M(1/a) = | (1/a)1/2 − (1/a)M |, where (1/a)1/2 are limiting values of
the interval, which includes 50 percent of all orbits in the stream). The
probable range of uncertainty was determined by ±n−1/2∆M(1/a), where
n is the number of the meteor orbits used for the median determination
(1/a)M. For the sake of comparison, we also derived the deviations of the
median (1/a)M from the parent body ∆(1/a)C = | (1/a)M − (1/a)C |, where
the (1/a)C is the reciprocal semimajor axis of asteroid (3200) Phaethon.
The numerical results describing the observed orbital dispersion within the
video Geminids are listed in Table 4. Their comparison with the Gemi-
nids’ dispersion from the photographic and radar data is shown in figure 6.
The median absolute deviations ∆M in terms of 1/a range from 0.028 to
0.049AU−1 for the different video catalogues. The figure shows the disper-
sion of video Geminids to be comparable with the dispersion of photographic
Geminids (0.040AU−1), and to be significantly smaller than the dispersion
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Table 4: Numerical data obtained for the orbital dispersion of the video Geminids. n -
number of meteors; (1/a)M - the median 1/a; 1/a - the mean value of 1/a; ∆M(1/a) - the
median absolute deviation; ∆L(1/a) - the range of uncertainty; ∆(1/a)C - deviation of the
median 1/a from the parent body; 1/a of the parent comets (eq. 2000.0).
Database No of median median mean
orbits vG (1/a)M 1/a ∆M(1/a) ∆L(1/a) ∆(1/a)C
SVMN 143 33.68 0.766 0.773 0.049 0.004 - 0.021
ONDRˇEJOV 74 34.29 0.734 0.775 0.044 0.005 - 0.050
CAMS 4829 33.97 0.758 0.739 0.046 0.001 - 0.029
SONOTACO 8264 33.82 0.766 0.764 0.036 0.001 - 0.021
EDMOND 2401 33.50 0.781 0.780 0.038 0.001 - 0.006
DMS 104 33.80 0.762 0.761 0.028 0.003 - 0.025
of radio Geminids (0.077AU−1). This is partly a consequence of different
dispersions in the orbital elements for particles belonging to different mass
ranges. The limiting magnitude of the SVMN, SonotaCo or EDMOND ob-
servations is comparable with that of the photographic data set, while that
of the Ondrˇejov, CAMS and DMS data, is about 2 magnitudes more; and the
radio observations register even fainter meteors. It also has to be considered
that the video data were observed mostly during the last few years, whereas
the photographic data cover more than 30 years of observations; thus, we are
dealing with particles from a different cross section of the stream traversed
by the Earth.
The deviation of the median reciprocal semi-major axis from the parent
body, asteroid (3200) Phaethon, obtained from the photographic and radar
orbits of the IAU MDC, and from the Czech Video Orbits Catalogue, is
significantly larger than in the other video data sets. However, this is only
a consequence of their above-mentioned shift. The actual reason for the
deviation from their parent asteroid might be found when investigating the
dynamical evolution of the Geminid meteoroids and the 3200 Phaethon.
5. The Geminid-stream dynamics and the uncertainties
The main purpose of this paper is to emphasize the problem of measure-
ment/determination errors, which have to be considered when interpreting
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results. Since similar problem also applies to analyzes based on numerical
integration, we include a short section about the dynamics of the stream.
We would like to briefly point out the problem of errors in the integration
procedures which are used for stream modeling. The uncertainties influence
the outputs of the simulations and give us important information about the
reliability of the results obtained.
5.1. Models versus observations
The initial dispersion of meteoroids in a stream is influenced by a number
of processes (planetary perturbations, collisions, solar radiation, solar wind
and other non-gravitational forces), which appear during different stages of
the stream evolution. Williams & Ryabova (2011) have discussed their in-
fluence on the structure of meteoroid streams, and demonstrated that the
dominant process depends on the stream and thus, for the stream models, it
is important to consider both the initial processes of formation and the subse-
quent gravitational perturbations. There have not been any close encounters
significantly affecting the Geminids’ orbits during at least the last ten thou-
sand years (Ryabova, 2007), so the initial structure caused by the ejection
process should still be traceable in the stream. The deviations which may
have accumulated since the formation of the stream can hardly exceed a few
thousandths in 1/a (Kresa´kova´, 1974). Nevertheless, the non-gravitational
forces have an influence on both the orbits of the meteoroids (e.g. P-R drag)
and the orbit of the asteroid (e.g. rocket effect/yet force) (Galushina et al.,
2015; Ryabova, 2016).
Over time, various Geminid stream models have been developed (Fox et al.,
1982, 1983, 1984; Williams & Wu, 1993; Babadzhanov & Obrubov, 1983,
1986, 1987; Ryabova, 2001, 2007, 2008, 2016; Kanˇuchova´ & Svorenˇ, 2006). A
compilation of them can be found in Neslusˇan (2015) and their detailed indi-
vidual significance explained in Ryabova (2014). In spite of the large number
of Geminid stream studies, there are still discrepancies between the models
and observations, e.g. the width of the stream, the location of the stream
and the maximum of the shower activity (Ryabova, 2016). The Geminid
shower width does not increase, even if encounters with the inner planets are
included into consideration in models (Ryabova, 2016). The most probable
reason for the discrepancies is the transformation of the parent body orbit
by the jet force (Ryabova, 2014, 2016) according to the Lebedinets (1985)
hypothesis of a rapid release of the volatiles in the process of the stream
single initial formation.
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In general, if the orbit of a parent body was, in the past, significantly influ-
enced by non-gravitational effects, the currently observed stream could have
been formed when the parent body moved in a slightly different orbit than
it moved at its last return to the perihelion (Neslusˇan et al., 2015). How-
ever, the Phaethons’ semi-major axis is stable, and the changes in the aster-
oid’s other orbital elements are smooth (Ryabova, 2008; Jakub´ık & Neslusˇan,
2015).
Jones et al. (2016) argued that most attempts to model the Geminid me-
teor stream had been based on Whipple’s model for the ejection of mete-
oroids from comets (assuming ejection speeds about a factor of at least 3
too low), which predicts much smaller dispersions in terms of the orbital
elements than are found in the observed behaviour of the Geminids. How-
ever, Jakub´ık & Neslusˇan (2015) showed in their simulations that no matter
if they assumed the unique speed and random directional distribution of the
test particles or a more realistic ejection, the appropriate orbital phase space
was fullfiled with test particles after a certain period (which is, using their
model, about 30 orbital revolutions of the parent). This means, in the case
of the asteroid 3200, it is less than a century. And most of the simulations
exceed this time.
The authors (Jakub´ık & Neslusˇan, 2015) also examined the acceleration
due to the P-R drag on the Geminid test particles which should, in gen-
eral, cause an enlargement of the dispersion of orbits. This, however, may
not be reflected in the corresponding meteor shower observed in the Earth’s
atmosphere, since some stream particles can be completely deflected from
a collisional course with the Earth. According to their model, the physical
properties of the prevailing part of the Geminids correspond to the values
from 0.005 to 0.018 of the β parameter, which determines the strength of the
P-R drag. The beta parameter stands for the ratio of the radiation pressure
to the gravity, and characterizes the properties of the particle; thus, only the
Geminids with the corresponding properties can be observed.
5.2. The simulations reliability
We studied the evolution of the orbit of the asteroid (3200) Phaethon by
means of numerical integration using Everhart’s integrator RA15, from the
package Mercury 6 (Chambers, 1999). The model of the Solar System used
in the integration tests included 8 planets, the Moon as a separate body,
and the most influential asteroids: Ceres, Pallas, Vesta, and Hygiea (Galad,
2001).
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Table 5: The actual orbit of Phaethon and its orbits after the integration to the past for
10 000, 20 000 and 50 000 years and then back to the present. Differences in particular
orbital elements can reach the following values: ∆a < 0.01 AU, ∆e ∼ 0.003, ∆i ∼ 1.5◦,
∆ω ∼ 3.0◦, ∆Ω ∼ 3.5◦ and ∆q ∼ 0.004 AU.
a [AU] e i [deg] peri [deg] node [deg] q [deg]
present 1.2711 0.8898 22.24 322.14 265.27 0.1400
after 10000 yr 1.2740 0.8897 22.19 322.05 265.29 0.1404
20000 yr 1.2780 0.8882 22.94 323.67 263.04 0.1428
50000 yr 1.2772 0.8870 23.46 325.01 261.80 0.1443
Several experimental integrations of the asteroid, performed from the
present to the past and then back to the year 2015, showed that it is not
possible to reproduce the initial asteroid’s orbit. A complete reproduction,
also including the mean anomaly, is only possible for a time span of about
2700 years; the mean anomaly differs only 3 x 10−6 deg. After 3800 years, the
difference is ∼ 0.03 deg and after 4700 years, it is not possible to reproduce
the mean anomaly. However, the chaos indicators behavior has to be taken
into account. E.g. MEGNO (Mean Exponential Growth of Nearby Orbits)
shows that the chaos along the Geminid’s orbit begins after already 400 years
of integration (Galushina & Letner, 2016), and Lyapunov indicator shows
that it begins after 1500 years approximately (Avdyushev, 2016).
In addition, the results of the integration depend not only on the chosen
integrator, but also, within a particular integrator, on a specific perihelion
passage, on the selected accuracy parameter, and on predetermined intervals
of the outputs, which forces the integrator to modify its own integration steps
to match the output moments.
6. Summary and Conclusions
We examined the influence of the uncertainties of the velocity measure-
ments and orbit determination on the dispersion of radiants and meteoroid
orbits within the stream of Geminids. The dispersion was studied, com-
paring several databases, based on various meteor-detection software pack-
ages and various meteor orbital element softwares. For the analysis, data
from our own video observations, carried out in the Slovak and Czech re-
publics, as well as data from several avaliable video databases were used:
21
the Slovak Video Meteor Network’s database (To´th et al., 2015), the Czech
Catalogue of Video Meteor Orbits (Koten et al., 2003), the CAMS Mete-
oroid Orbit Database (Jenniskens et al., 2011), the Dutch Meteor Society
Video Database (de Lignie, 1996), the SonotaCo Shower Catalogue SonotaCo
(2009), and the EDMOND Database (Kornosˇ et al., 2014). The comparison
of the errors distribution was based on the velocity and radiant uncertain-
ties declared by the authors of the databases. To avoid the distortion by
extreme deviations caused by gross errors, we chose the medians rather than
arithmetic means as the basic dispersion parameter. For the mean orbit
determination, we used the weighted values of the orbital elements.
The Geminids’ radiant dispersion obtained from the large video cata-
logues reaches the dispersion of the radio observed Geminids, whereby the
diffused marginal regions are affected mostly by meteoroids with extreme
values (small or large) of the semi-major axes. Meteoroids of shorter semi-
major axes occupy the eastern side of the radiant area and those of longer
semi-major axes the western part.
The observed orbital dispersions in the Geminid stream described by the
median absolute deviation range from 0.028 to 0.049 AU−1 for the different
video catalogues. It does not differ significantly between the different video
databases. It differs slightly between the data sets obtained by different
observational techniques, which may be partly a consequence of different
dispersions in the orbital elements for particles belonging to different mass
ranges.
The distribution of the semi-major axes of video meteors in all the video
data sets, except for the Ondrˇejov data, seem to be systematically biased in
comparison with the photographic and radar meteors. The reciprocal semi-
major axes are shifted towards higher values; the determined velocities are
underestimated. This is a consequence of the methods used for the mea-
surement of the meteor positions and the velocity. The measurement of the
image edge can lead to overvaluing of the velocity, whereas the measurement
of the image center causes undervaluing. The largest shift is observed in
the EDMOND and SonotaCo data. The velocities in the Czech data, which
did not show any shift, are computed from the manual measurements of the
individual meteor points. For each frame, the position is measured ”inside”
the meteor image. This approach comes at the expense of the total number
of trajectories and orbits; however, the database contains only reliable data.
To avoid entering poor quality data into the databases, an improvement
in the measurement of the meteor positions and meteor velocities is essen-
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tial. Moreover, stronger filters for the selection of orbits should be used,
which will come at the expense of the quantity of the data. However, for
some purposes, only high accuracy data are applicable, failing which, each
analysis using the velocity data will be seriously affected by measuring errors.
Aside from those measurement errors which have an effect on the analy-
ses, we have also indicated the difficulties associated with the uncertainties
of the numerical integration procedures that influence the results of the sim-
ulations. We performed several experimental integrations of the Geminids’
parent asteroid, from the present to the past and then back to the year 2015,
and demonstrated that a complete reproduction is only possible for a time
span of about 2700 years. This finding impacts analyses based on numerical
integrations and/or their interpretations.
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